Neutron radiography was applied to image the water-gas distribution in an operating small scale PEM electrolyser, building up on the anisotropic resolution improvements previously developed for fuel cell imaging. The ability of neutrons to image this distribution across porous materials made of titanium was demonstrated for the first time. This paper presents the procedure's description and limitations, focusing on water content in the porous layers as a function of distance from electrode. A surprising pattern of water content in anodic porous material was observed, which sheds light on the topic of mass transport limitations in PEM electrolysers.
The topic of water -gas transport inside proton exchange membrane (PEM) water electrolysers has not been widely studied in the past. Most of the attention was paid to channel regions, as they are relatively easy to access with both numerical simulations and imaging methods. For instance, the influence of gas bubbles on the velocity field in the flow channels has been modelled, together with simple experimental validation of overall pressure drop. 1, 2 On the size level of flow channels, incorporating transparent windows into the cell can enable visualization of bubbles and temperature distribution measurement, as shown by Dedigama et al. 3 However, since this kind of modification usually allows observing only the area under the nonconductive window, its representativeness is questionable. This can be overcome using X-ray radiography, as reported by Hoeh et al. 4 Still, none of the work accesses the porous layer, and therefore water content at the electrode-to-porous layer interface is unknown.
To fully address the mass-transport limitations in PEM electrolysers, investigations should include the transport inside the porous layers. It has been shown, 5 that the choice of porous material can influence the overall performance of an electrolysis cell. Still it is difficult to explain these results, relying solely on the measured electrical parameters of the cell.
Neutron radiography can be used to image and quantify the water/gas fraction inside the porous layers of an operating electrolyser cell. Although the spatial and temporal resolutions are lower than those of X-ray radiography, neutron radiography has the key advantage that several metals, including titanium which is commonly used for porous layers in electrolysis cells, exhibit a very good transparency. 6 The scope of the work by Selamet et al. was however limited: not only a very specific design was used (no channels, Ti mesh for simultaneous optical and neutron imaging) but also the imaging orientation was limited to through plane imaging (neutron beam perpendicular to the membrane), which does not provide insight into the gas/water distribution across the different cell layers.
Here, we demonstrate the potential of neutron radiography to investigate water -gas transfer in porous layers by performing imaging of an operating electrolyser cell in in-plane (beam parallel to the membrane) configuration. For this purpose, we applied the anisotropic imaging technique which was established for fuel cells, [7] [8] [9] [10] [11] [12] [13] including the tilted-detector setup, 8 adapted for application to a small scale PEM electrolysis cell. * Electrochemical Society Member.
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Experimental
Cell design.-The cell design is shown in Fig. 1 . The active area (1 cm 2 ) is in the center (Fig. 1a) , elevated in order to remove remaining channels' length from the field of view. It has five flow channels, 10 mm long, 1 mm wide and 1 mm deep with a land width of 1 mm. PTFE was used to fill the space around this elevation, as well as the gasket. The used porous media was sintered Ti powder (SIKA T5 from GKN) 10.0 × 10.0 × 1.2 mm, porosity of approximately 30%. A catalyst coated membrane (CCM) based on Nafion 117 membrane with 1 cm 2 electrode was used (Greenerity E400 Gen. 1 from SolviCore).
Electrolysis operation.-Unless otherwise stated, the cell was operated at 50
• C with a pressure of 2 bar abs on both sides. Water was fed to the anode side with a flow of 50 ml min −1 using a recirculation loop with gas removal. In order to prevent water from accumulating in the vicinity of the active area, the cathode site was purged with dry hydrogen at 800 Nml min −1 in order to provide a defined boundary condition. The cell was operated in galvanostatic mode with simultaneous high-frequency-resistance (HFR) measurement at 5 kHz. Imaging.-Imaging was performed at the Paul Scherrer Institute's SINQ neutron source at the NEUTRA thermal neutron radiography beamline.
14 The investigated orientation was so-called in-plane setup (neutron beam parallel to membrane), with channels parallel to the beam, anode at the top. Images were taken with exposure time of 10 seconds and averaged over 5 minutes, in order to achieve sufficient signal-to-noise ratios. The cell operating parameters were kept constant for at least 5 minutes prior to imaging start. Images of the dry cell were taken as a reference for the image processing.
Calibration.-Calibration was performed according to the procedure described in Ref. 15 and the supplementary material; as a result the linear attenuation coefficient value was estimated to be 3.5 cm -1 , which is in good agreement with the value previously stated for the NEUTRA beamline. 
Results and Discussion
Radiograms obtained in in-plane configuration (shown in Fig. 2 ) are the result of averaging over 5 minutes periods. The corresponding electrochemical data is shown in Fig. 3 . Both anodic channels (upper borders) and the membrane (horizontal stripe in the middle) do not have sufficient transmittance for reliable analysis. The effective resolution in the vertical direction (across the membrane) was estimated to be approximately 75 μm.
Anodic porous layer.-When no current was applied to the cell, a uniform water distribution was quickly established in the anodic porous layer -this process was too fast to follow with the used exposure time.
After applying a current (the lowest examined current density was 0.1 A cm −2 ) a new pattern emerged. While in direction parallel-to- membrane the water content was still fairly uniform (a weak ribchannel distribution can be observed at distances lower than 0.1 mm from the flow field), in orthogonal direction it is no longer valid. Instead, a linear gradient was established (Fig. 3) , ranging from ca 85% (at the flow field) to 55% (at the membrane) of initial water thickness, independent on current density (the highest examined value was 2.5 A cm −2 ).
Cathodic porous layer.-In the lowest current cases, the measured water thickness is around 0.2 mm, which is visible in Fig. 3 . Attributing this to residual water presence is hardly possible, since the area of decreased transmission extends outside the porous layer. A plausible explanation is, that the reference images are biased by stronger background coming from scattering within the detector setup.
General.-We have found the observed patterns to be counterintuitive. The strong gradient on the anode side indicates a dynamic equilibrium between the transport of water to the electrode and the transport of gas away from the electrode. The fact that this equilibrium is unaffected by the magnitude of the flows over a wide range (from 0.1 A cm −2 to 2.5 A cm −2 ) is surprising. Because the heat production strongly varies with the current density, this also suggests that the thermal gradient does not play a major role in the water/gas distribution. The observed pattern clearly deserves attention as it can lead to the development of models for both transport in porous media and electro-osmotic drag. At all current densities, the water content in the vicinity of the electrode is approximately half of the initial value, which may suggest, that the water availability at the catalyst surface can be treated only on the microscale, with transport processes through the porous layer being neglected. Close to the channels, the attenuance was hardly distinguishable from the zero-current situation. This shows that water transport through this interface is fast. Contradicting conclusions were drawn in Ref. 3 , where the dependence of the overpotential on the water flow rate was observed. These results were however obtained at different range of superficial water velocities, as well as different cell design, which may explain this discrepancy.
Summary
For the first time, neutron radiography was used to measure the water/gas distribution across the structure of an operating PEM electrolysis cell, with a focus of the water content within the porous media made of sintered titanium. The in-plane configuration was shown to give a detailed insight into the processes occurring in the porous media.
The observed pattern of water-gas distribution inside the porous media is surprising. The obtained gradient is unaffected by the local reactants' flow variation over a large range of current densities (0.1 A cm −2 to 2.5 A cm −2 ), not showing any sign of water-starvation at high current; although not yet fully understood, these observation are an important starting point for the understanding and modelling of mass transport in PEM electrolysers.
